recording in three planes was impossible and since the position of the patient, relative to the platform, had to be changed in order to record the dorsoventral displacements. The lateral and dorsoventral traces recorded with this apparatus exhibit an I wave, directed rightward and anteriorly, and a J wave, going leftward and posteriorly. Thus, lateral motion was found to move opposite to the displacement seen in Hamilton's diagram. Dorsoventral motion was the same. Braunstein's two-dimeinsional high-frequency bedla allows simultaneous longitudinal and lateral records to be taken, but he found that distortion from body rotation was introduced when freedom to move dorsovxenitrally was added. He has employed a cathode ray oscillograph to demonstrate the ballistic vector loop in the frontal plane.3h His records show an I wave, directed footward and rightward, and a J wave, returning headward and leftward.
IN 1945 Hamilton and associates, in their
early study of ballistic forces, utilized a high frequency bed system with freedom to record motion along the three axes of the body. 10 Although the details of the apparatus were not published, a reconstructed diagramn of their records shows clearly that when the footward I wave is inscribed, leftward and anterior motion also occurs, while the headward J is accompaniied by displacement of the body to the right and posteriorly. Il contrast, a variable time after the peak of K, the motion of the body becomes predominantly longitudinal and onlyl minor deflections are recorded along the other axes. By this method the authors were able to support their conviction that the MJ stroke is derived directly from the heart's forces, whereas the waves that follow are derived from forces directed along the aortic (longitudinal) axis.
Subsequently, both high-and low-frequency beds were modified for the purpose of studying motion inl all planes, either by employing an accessory turntable 0, 12 or by constructing a bed with two degrees of freedom.', The turntable method was not ideal, since simultaneous From the Department of Medicine, State Univer-recording in three planes was impossible and since the position of the patient, relative to the platform, had to be changed in order to record the dorsoventral displacements. The lateral and dorsoventral traces recorded with this apparatus exhibit an I wave, directed rightward and anteriorly, and a J wave, going leftward and posteriorly. Thus, lateral motion was found to move opposite to the displacement seen in Hamilton's diagram. Dorsoventral motion was the same. Braunstein's two-dimeinsional high-frequency bedla allows simultaneous longitudinal and lateral records to be taken, but he found that distortion from body rotation was introduced when freedom to move dorsovxenitrally was added. He has employed a cathode ray oscillograph to demonstrate the ballistic vector loop in the frontal plane.3h His records show an I wave, directed footward and rightward, and a J wave, returning headward and leftward.
In this laboratory, interest was aroused ill multiplane recording for the purpose of studying the movemeint of the thorax ill congenital heart disease with shunts of blood from left-toright or from right-to-left.2 Lateral and dorso-rightward I recorded from tables might be the result of body torsion, which would push the table iii a direction opposite to that of the actual body movement. This system was suitable only for use when respiration was suspended, and could not be used to determiine how breathing affected lateral motion.
Thus, laboratory findings and common sense indicated that ballistocardiographic motion was greatest in the thorax and it appeared that the best recording system would be one that sensed lateral and dorsoventral motion from the thorax alone. For this purpose, Dock7 constructed a spring-opposed platform 25 by 21 inches (65) by 55 cm.) with freedom to move from side to side, contained in a framne free to move from front to back. On this platform the thorax of the supine or prone subject could be positioned. From such a platform, very satisfactory ballistocardiograms could be made, and this system has been routinely employed in this laboratory since 1953, together with the electromagnetic shin pickup for head-foot motion.6 The information derived from this routine study has profoundly modified our concepts of ballistocardiography. The current report offers a systematic analysis of the threeplane I)allistocardiograms of a group of young and elderly normal subjects.
./MATERIALS AND MYETHODS
In order to characterize the variations in form an(l amplitude of the lateral and dorsoventral ballistocardiogram with aging, the study included two groups of asymptomatic, presumably normal individuals. The first of these was A true G (leflection, of ventricular origin, has been observed previously its our lateral traces its the presence of complete heart block or atrial fibrillation. Where A-V conduction is normal, the initial wave (G or atrial i) is probably due in large part to the footward and leftwvard movemenit of the body as blood enters the ventricles under the impact of atrial systole. Where A-V conduction is abnormnal and atrial systole does not precede the Q wave of the electrocardiogram, G may be due to movement of the ventricle in the mediastiniumii as contraction sets in, but before the initraventricular pressure exceeds that in the atriums. 5 The H wave is always represented in the lateral trace as a distinct rightward movement and is, at times, even larger thai the J wave in lateral planes. In this laboratory, the H wave is ascribed to headward and rightward impact on the atrial-ventricular septum at the peak of isometric contractions.
Ini A-V block the atrial j wave occurs 0.24 to 0.30 se(conid after the onset of the atrial P wave, and the headward component may be due in part to rapid return of blood to the right auricle from the inferior vena cava. But the relatively much larger rightward atrial j in lateral traces can not be due to this force, since the vein has a vertical path. It seems more probable that the reflux of blood from the ventricles, as atrial pressure falls, is the cause of both lateral and vertical j waves. With normal A-V conduction j is superimposed on H.
The normal lateral I is always leftward and its peak in about half the cases occurs 0.02 second later than that of the longitudinal I. The delay does not represent an instrumental artifact but may be related to differences in compliance of the mediastinum from one plane to another, or to true differences in peak of applicationi of force in the two planes. The time interval from nadir of H to peak of I is most commonly 0.08 second but ranges from 0.06 to 0.10 second and would appear to be unrelated to sex or body size. Trhe lateral HI stroke is often of greater amplitude thans that of IJ.
The amplitude and constant form, varying little with respiration, but tending like the head-foot IJl, to decrease during expiration (figs. 4 
and 5).
In these patients the ratio, IJExliration X 100 was always well within normal limits when the accepted values for IJInspiratiori head-foot IJ variation are applied to this stroke in the lateral plane. More rarely, lateral systolic complexes were more than halved during expiration, and changed more than did head-foot IJ complexes ( fig. 6) .
In a second category, much less frequently seen in normals, aged 50 to 65, but not rare in hypertensives or senile males, the lateral trace shows a respiratory swing in amplitude which causes the smallest IJ to be less than half the largest in each respiratory cycle. But whereas in cases where the H-F varies, the ratio IJExpiratory/IJInspiratory is always less than 1, and in grade I or II records is less than 0.5, in these laterals with large Variation this ratio is over 2.0. The respiratory lateral 1.J becomes abnormally small during inspiration, just as the corresponding head-foot IJ becomes large. It is obvious that in these cases, total systolic force applied to the body is relatively constant during the respiratory cycle, but the vector of its application swings through a wide are. In this group, too, belong cases with chaotic coinplexes in the head-foot tracing but with large systolic lateral complexes which are smaller during inspiration than expiration ( fig. 7) .
In two instances (14.5 per cent of the giade I longitudinal traces), the lateral deflections were small or varied excessively in form and amplitude at the same time in the respiratory cycle, when the longitudinal complexes were small or notched. Figure 6 is an example of such a case. Note that the IJ amplitude diminishes concomitantly in all three planes.
Four grade II head-foot traces were noted. Three of these had constant, large lateral IJ deflections and in two, the lateral amplitudes varied reciprocally with the head-foot IJ. In one instance, the i. of the lateral ballistocardiogram was small and did not improve in form or amplitude in a reciprocal marinner as headfoot complexes deteriorated.
Only two ballistocardiograms were classified grade III or IV. In both instances, the form and amplitude of lateral I.J were (learly normal and in one instance the IJ of the lateral b)allisto- subjects. Their frequency, amplitude and orientation were not significantly different from the previous characterization given of diastolic ballistic waves in that group. Q-BCG intervals and H-K time. The tendency for Q-,J, Q-K and H-K to be longer in men than in women was not as clear for this group as in the younger subjects. This may be due in part to the more closely comparable height and weight in the older subjects of both sexes. For males, Q-H was 0.12, Q-J, 0.20, Q-J, 0.28, Q-K, 0.36 and H-K, 0.24 second. For females, Q-H was 0.12, Q-J, 0.19, Q-J, 0.27, Q-K, 0.34 and H-IK, 0.22 second. As seen in ballistocardiograms may be abnormally small or deformed, whereas a prominent and wellformed dorsoventral complex may be inscribed ( fig. 8 ). In these instances, abnormalities in other planes may be ascribable to change in the axis of force and may be less significant evidence of poor myocardial function.
As in the younger group H-K time in the dorsoventral plane usually fell within 0.02 second of the corresponding H-K for the other planes. The tendency, for I inl dorsovlentral ballistocardiogram to be inscribed as much as 0.04 second earlier than I in the head-foot ballistocardiogramn, persists in this group.
DiscussioN
In this study, the lateral IJ wave of young adults seemed almost equal in force to the head-foot systolic wave and the chief difference was that, the J wave is larger in the longitudinal and the I wave in the lateral plane. Also, while the head-foot, waves normally are largest during the inspiratory phase, the lateral waves are largest during expiration. It should be noted that with the use of blocks on each side in order to obtain good transmission of lateral forces and to prevent the thorax from rolling on the platform, the lateral systolic waves are much closer in size to the head-foot waves than had been suggested by earlier studies in this laboratory and elsewhere. There is little doubt that the system, described here, transmits to the table a higher percentage of lateral than of longitudinal force. Effective vertical blocks at the shoulders and pubis probably would be needed to correct this instrumental difference. Study of the anatomy of the outflow tracts in angiocardiograms indicates that the right ventricle can exert very little lateral force and that the left ventricle normally has its axis of ejection close to 45 degrees to the right of the vertical axis of the spine. Therefore, the normal lateral force probably varies from one-third to two-thirds, the longitudinal thrust during recoil from ejection (I wave) and from one-fifth to one-third during impact on the arch or bifurcation of the great arteries. Quantitative photoelectric records from the base of the sternum show about three to five times more longitudinal than lateral displacement in nor-mal young subjects, but since the ribeage is more easily moved longitudinally than laterally, this probably minimizes the effect of the lateral thrust.
Even with our present method, which tends to exaggerate the relative force of the lateral and front-back thrusts, as compared with longitudinal ones, it is apparent that most young adults and many elderly people have relatively large head-foot ballistocardiographic waves and relatively small dorsoventral ones. The lateral waves, which average somewhat smaller than head-foot waves in young adults, become relatively large, however, in the elderly subjects. Relatively large back-front waves are encountered rarely and only in deep-chested older subjects with small head-foot waves.
Age causes a much greater decrease in the head-foot waves inscribed during expiration than in those during inspiration. In this study, the smallest JJ in the cycle was 42 per cent as large in those over 50, as compared with the smallest waves in those 20 to 30 years old. A comparison of the lateral waxes inscribed synchronously with these small beats, showed that they were 22 per cent larger in the old group as compared with the younger one. In the younger group, the lateral waves average a 30 per cent increase during expiration than during inspiration, when the smallest head-foot waves are inscribed. In older people, the average lateral IJ is larger than in younger ones, but its change during the respiratory cycle is less. It may decrease in amplitude during the expiratory phase in older subjects, but very rarely does so in the younger ones.
The causes for the change in vectors with age are not fully understood, but the cause for the increase in the lateral waves during expiration is apparent. The rise of the diaphragm results in upward motion of the apex and the axis of ejection of the left ventricle becomes more transverse at the same time that the stroke volume increases, due to increased filling as blood is forced out of the pulmonary veins by decrease in lung volume. In young people, the diaphragm moves more than in elderly or emphysematous ones, so that one would expect a larger respiratory change in axis in young people than in the aged and also a greater change in men than in women, since costal breathing is relatively great, diaphragmatic breathing less in women.
The most important factor in the increase in lateral waves in older men undoubtedly is the tortuosity of the aorta.7 As this vessel becomes longer and bows farther to the right in its ascending portion, the axis of ejection of the left ventricle becomes more transverse. There is a general, but not a consistent, relationship between the tortuosity of the ascending parts of the aorta and large lateral IJ waves; the exceptions are usually in subjects with large IJ waves, but no striking prominence of the ascending aorta. Although a significant number of individuals who have predominantly laterally directed ballistocardiograms do have dilated, tortuous aortas, such a vector change may be present in individuals whose ascending aortas on radiographic examination do not appear to be different from those of young people. Coniversely, the arch is dilated in some patients whose lateral complexes are very small. However, since the initial portion of this vessel is concealed in the mediastinal shadow, anigiocardiograms are needed to show whether the angle of ejection from the ventricle lies transversely.
Physiologic considerations, thus far unstudied, may also have a role in the genesis of a large lateral I. wave. The position of the A-V atrial-ventricular septum at the time the IJ stroke is inscribed may play a role in determining the size of the HIJ complex, for with early ectopic beats the head-foot IJ is often much smaller than in the normal beat, while the lateral HIJ, with slightly shifted time of occurrence of its peaks, is as large as in the normal cycles.
There may also be some effect of age on the relative velocity of ejection from each ventricle. A delay in aortic ejection, relative to pulmonic ejection, would cause recoil from left ventricular ejection to coincide with impact on the pulmonary artery bifurcation and explain a large I wave laterally, when the head-foot I wave is absent. Study of the three-plane ballistocardiogram in bundle branch block might be profitable, although the failure of Samet1l to observe consistent delay in ejection from the THREE-PLANE BALLISTOCARDIOGURAPHY ventricle with "delayed activ-ationi" makes timing of ejection essential in each case.
So far, as the effect of age on the force of systolic thrust is concerned, the mean head-foot IJ wave decrease is very much greater than that of the sum of the thrusts in three planes. This sum, for the beat with the largest headfoot I.J waves is about as large in our subjects over 50 as in those under 30, while the sum of forces during the beats with the smallest headfoot JJ was only 15 per cent less in the elderly subjects than in the young ones, although in the head-foot IJ for these beats, the mean decrease in size was 58 per cent.
At the present time, it seems justifiable to consider as normal all tracings in which the form of the complexes is not bizarre and the ratio IJHea.d1Foot + UJLateral (expiratory) X 100/ MJHead-Foot + UJLateral (inspiratory) is over 60.
This would give less than 10 per cent of abnormal traces in our group of normals over 50 years of age, while applying deLalla and Brown's original system of grading to the head-foot traces, with a ratio below 50 considered abnormnal, 64 per cent of our subjects had abnormal head-foot traces.
The percentage of presumal)ly normal tracings rises sharply when three-plane rather than head-foot traces are used in the study of normal people past the fifth decade, but there is also a rise in the per cent of normal tracings, obtained from those with healed infarction of the heart. Since the normal three-plane traces are most often found in patients who are asymptomatic after recovery, this method of classification gives better agreement with clinical findings, as well as far fewer false positives in elderly normals, thanl does any classificatioi based on head-foot tracings alone. Howe\-er, one may well regard as abnormal traces in which there are extreme evein though reciprocal, changes in the lateral complexes. The case shown by Dock7 (fig. 4) 
